In the beginning there was great confusion about animal migration. Aristotle, noting that the types of birds around him changed with the seasons, concluded that summer redstarts turned into robins at the onset of winter, and that garden warblers became blackcaps [1] . Others thought that birds disappear in winter because they hibernate submerged in mud. In a case of art decidedly not imitating life, a 16th century illustration accompanying the writings of Swedish Archbishop Olaus Magnus showed a fi shing net fi lled with hibernating swallows being pulled from a lake [1] . Gradually, over centuries, these fanciful early explanations gave way to an understanding that migration is a widespread phenomenon and that Earth is alive with itinerant animals traversing continents, seas, and skies ( Figure 1 ).
But why do animals migrate? Given that migration has evolved repeatedly in numerous species occupying diverse ecological niches, no single factor is likely to explain all cases. Migrating, especially over long distances, involves considerable costs in terms of energy and risk. Thus, for such behavior to evolve, the benefi ts must be high. Advantages of migration include access to abundant yet ephemeral food sources, seeking optimal environments seasonally, evading predation, fi nding habitat suitable for different life stages and escaping from deteriorating habitats to colonize new ones [2] .
Migration is a complex phenomenon involving behavior, physiology, genetics, morphology, biomechanics, ecology and evolution. The scientifi c investigation of migration therefore requires a correspondingly broad, integrative and eclectic perspective, one that embraces both empirical and theoretical studies, and opportunistically assimilates new techniques and viewpoints whenever they arise. This multifaceted approach has helped nurture a recent explosion of interest in animal migration and led to notable advances on many fronts. As this special issue illustrates, research into migration has steadily expanded as technological innovations and conceptual breakthroughs open new frontiers in subjects ranging from telemetry and remote sensing to genomics, stable isotope analysis and neuroscience.
Tracking animal migration
Two key questions about any migration are: Where do the animals go and what routes do they follow? Answering these questions can be surprisingly diffi cult, especially for species that are too small to carry transmitters or that migrate through diffi cult environments such as dense underbrush or ocean depths.
Tracking studies, which originated more than a century ago with arduous mark-recapture approaches, have been revolutionized by technological innovations. In recent years, attaching transmitters to animals and monitoring their migratory movements over long distances has become straightforward. Miniaturization of transmitters has allowed tracking of a growing list of species (Figure 2 ). Another trend is the development of increasingly sophisticated onboard sensors that gather information about environmental variables such as temperature, day length and activity levels.
Migrating animals can now be tracked in many different ways [3, 4] . Radio telemetry is often used to track animals that move in air or aquatic species that surface to breathe. Because radio waves do not travel through sea water, however, marine animals such as fi sh must be tracked using different technologies. One approach is acoustic telemetry, in which submerged receivers detect acoustic signals produced by transmitters. Another approach involves pop-up archival tags that log movements and environmental variables before detaching from an animal and fl oating to the surface, where the data are recovered. Large aggregations of fl ying migrants can often be detected by radar, allowing short-term tracking of insects and birds without individual tags [5] .
Several exciting initiatives have been launched to support tracking studies. For example, the Ocean Tracking Network, headquartered at Dalhousie University in Canada, is presently monitoring the movements of more than 150 species of aquatic animals around the world. Similarly, the International Cooperation for Animal Research Using Space (ICARUS) project seeks to develop a telemetry system based on low-orbiting satellites, with the goal of tracking numerous small animals.
One particularly clever way of monitoring animal movements involves the analysis of stable isotopes [6] . For many long migrations, however, the ability to maintain a consistent heading is not enough. For example, hatchling loggerhead sea turtles (Caretta caretta) emerge from underground nests on beaches, enter the sea and immediately begin a multi-year migration along a circular route that takes them across the entire Atlantic Ocean and back. A central part of the turtles' navigational prowess is an ability to detect the earth's magnetic fi eld and use it not only as a compass, but also as a kind of 'map' for assessing their own position [8] . Because the Earth's magnetic fi eld varies predictably across the globe, different locations along the migratory route are marked by different, unique magnetic fi elds. Turtles respond to these fi elds by swimming in directions that would, in each case, help them remain within favorable oceanic currents and advance along the opensea migratory route [8] . Similar responses have recently been detected in other migrants such as salmon, eels and birds, suggesting that these 'magnetic maps' are widespread among long-distance migrants.
Perhaps the most remarkable feats of animal navigation involve natal homingthe ability of long-distance migrants to return to their birth place. Animals such as sea turtles, salmon, sharks and whales traverse vast expanses of ocean while migrating underwater through an environment that largely lacks visual landmarks; nevertheless, they somehow fi nd their way back as adults to reproduce in the same area where they originated. Recent fi ndings indicate that sea turtles and salmon imprint on the magnetic fi eld of their home area when young and later use this information to return [9] . Both turtles and salmon have the sensory abilities needed to detect the 'magnetic signature' of a coastal area; moreover, for both groups of animals, subtle changes in the magnetic fi eld of the home region are correlated with changes in natal homing behavior [9] . In turtles, population genetic structure is related to the magnetic fi elds at different Different environments have predictably different isotopic signatures. In addition, isotope ratios vary among food sources and are incorporated into an animal's tissue via its diet. Thus, stable isotope analyses can often reveal where an animal has been. For example, as carbon isotope signatures can distinguish plants based on their mode of photosynthesis, they can be used to reconstruct the migratory routes of terrestrial herbivores if the geographical distribution of plants and their photosynthetic mode is known.
The many new tracking studies have yielded a wealth of information about migratory routes and stopover points, as well as information about migratory timing, rate of travel and activity patterns. In some cases, a combination of tracking and additional sensors has also provided a window into individual and group behavior that could not previously be studied. In one recent example [7] , all individuals within a fl ock of juvenile white storks were outfi tted with GPS trackers and accelerometers so that movements of individual birds during group migration could be closely monitored. While migrating, storks exploit thermals to reduce energetically costly fl apping fl ight, but there is striking variation among individuals. A small subset of birds usually located thermals and capitalized on them; the rest of the birds followed but were typically less adroit at exploiting the upward currents of air, resulting in greater energy expenditure and shorter migration distances. Until recently, such a fi ne-grained view of social interactions within fl ocks or herds would have been impossible.
Navigation
One fundamental set of questions about migration involves how migratory animals fi nd their way. Which environmental cues do migrants use to guide themselves to a destination thousands of kilometers away? And how do they know where to go? Some general principles of animal navigation have begun to emerge. One is that many animals, including insects, fi sh, sea turtles and birds, have multiple ways to maintain a consistent heading in a particular direction such as north or south. A common pattern is for a species to have at least one such 'compass' based on celestial cues, such as the sun, stars or polarized light, and an additional one based on the Earth's magnetic fi eld. R954 Current Biology 28, R952-R1008, September 10, 2018 nesting beaches, consistent with the hypothesis that nesting turtles locate their natal areas using magnetic cues [10] . Of course, chemical cues and other features of the environment might also play a role in the fi nal stages of the migration, as is known in salmon. Indeed, sequential use of sensory cues that act over different spatial scales is probably typical in longdistance animal navigation [11] .
Although magnetic navigation appears to be widespread among marine migrants, other types of positional or 'map' information may be used to determine geographic position, particularly in terrestrial environments. Another active area of research involves whether migratory birds use olfactory cues to determine their location [12] . Analyses using atmospheric data and particle dispersion models have recently bolstered the argument that birds might use airborne odorants to locate a migratory corridor or stopover points [13] . There is also evidence that disrupting olfaction in birds impairs navigation performance. Whether these fi ndings provide compelling evidence for olfactory navigation is the subject of ongoing debate [14] .
Genetics of migration
Different species that are closely related evolutionarily, and sometimes even different populations of the same species, exhibit very different scales and patterns of migration. Much of this variation is under genetic control, but the genes involved are largely unknown. A new and burgeoning fi eld of migration research seeks to unravel the genetic architecture of migration. This is challenging because migration involves a complex, interrelated suite of physiological, morphological and behavioral traits that are mediated by an inherited 'migratory gene package', which in turn can be viewed as part of a 'migratory syndrome' [15] .
Migratory adaptations arise and vanish rapidly. For example, monarch butterfl ies were introduced into Australia only about a century ago, but now have a migration in which the timing and direction are altered by 6 months and 180° relative to the North American population from which they presumably descended [16] . Another interesting example involves the central European population of a migratory bird, the blackcap (Sylvia atricapilla), which evolved a new migration route to the British Isles in only three decades. The direction of fi rst migration appears to be encoded by at most a few genes and the new route appears to be based on a novel, genetically programmed orientation preference that is spreading rapidly through the population [17] .
Although exciting fi rst steps have been made toward addressing genetic and genomic underpinnings of migration, a signifi cant impediment is that very few genomes of migratory animals have been fully sequenced and annotated. In the future, the emerging fi eld of adaptation genomics [18] , which employs genomic and transcriptomic approaches to investigate how organisms adapt to changing environments, is likely to have a major impact on the fi eld.
Migration physiology and neurobiology
Long-distance migration imposes severe demands on the physiology of animals, and another active research area involves the specializations that underlie the endurance feats of longdistance migrants [19] . The challenges of endurance physiology are epitomized by the bar-tailed godwit (Limosa lapponica), a wading bird that sometimes undertakes non-stop fl ights of 11,000 km without refueling [20] . Completing such a journey requires unusual capacities for energy storage, mobilization, transport and utilization. Indeed, many long-distance migrants are supreme endurance athletes; some birds, for example, are able to sustain exercise at 10-14 times their basal metabolic rate for more than a week [21] .
An interesting set of adaptations enables migratory birds to accumulate enormous fat stores, up to 50-60% of body mass, and then transport and oxidize fatty acids at a suffi ciently high rate to sustain constant activity of fl ight muscles over days or weeks. Fatty acids are ideal for storing energy, yet diffi cult to transport and metabolize. Recently, biochemical adaptations have been unraveled that enable fatty acids to fuel migration [21] . A related question is whether some migrants engage in 'natural doping' -preferentially selecting favorable foods that enhance migratory performance [22] .
Of course, metabolism and energetics are not the only factors that make longdistance migration possible. No single physiological adaptation transforms an animal into an endurance specialist.
Instead, endurance depends on a suite of well-integrated adjustments in behavior, morphology, biomechanics, physiology and life history [19] .
Investigating the neurobiological mechanisms underlying migration is of great interest, but except for the monarch butterfl y, most iconic longdistance migrants are diffi cult subjects for neurobiology. Fortunately, progress has been possible with rodents, bats and non-migratory insects. Although many of these animals move over relatively short distances, these insights provide a useful foundation for future work on species with greater migratory capabilities.
Another mystery involves the question of how animals detect magnetic fi elds. Although magnetoreception is important for navigation, its physiological mechanisms remain unknown. For more than two decades, attention has been focused on three different possible mechanisms: the iron oxide magnetite; complex chemical reactions mediated by radical pairs, with photopigments known as cryptochromes possibly serving as the substrate; and electromagnetic induction, which is most plausible for marine animals such as sharks and rays that have sensitive electroreceptors. It is possible that all three of these mechanisms work in different animals. Despite progress, primary magnetoreceptors have not yet been unambiguously identifi ed in any animal [11, 23] .
Migration and disease
The movement of billions of animals over long distances also has implications for the biology of pathogens and the emergence and spread of infectious diseases, which in turn can affect entire ecosystems. Although much of the focus has understandably been on the potential of migratory animals to transmit disease to new habitats and hosts, and the possible consequences for human health [24] , an equally important consideration is how regular seasonal migrations affect the transmission and evolution of pathogens within natural hosts. In principle, longdistance migration can reduce infection risk in at least two ways [25] . One is by 'migratory escape', in which an area with seasonally increasing populations of parasites and pathogens is abandoned to reduce exposure at times when the risk of infection is highest. A second Current Biology 28, R952-R1008, September 10, 2018 R955 energy and nutrients between distant locations, sometimes on a massive scale. For example, Pacifi c salmon migrate upstream, spawn and die, thus transporting nutrients from the open sea to river systems [27] . Similarly, migrating whales enhance primary productivity in some oceanic areas by transporting nitrogen and other nutrients from distant locations, then releasing them into the environment as urine, placentas or carcasses [29] . Migrants also forage and are preyed upon throughout their journeys, functioning in trophic interactions that sustain multiple ecological communities across the globe. Migrants represent an infl uential, yet often overlooked, component of biodiversity [30] .
Sadly, at this moment of ascension for migration science, animal migration is in greater jeopardy than ever before. Hopefully, the growing interest in this fi eld and a deeper understanding of the role of animal migration in structuring healthy ecosystems will point the way toward preserving this spectacular biological phenomenon.
is 'migratory culling', in which infected individuals are less likely to migrate successfully over long distances due to the combined demands of migration and infection. Migratory culling may also contribute to the evolution of less-virulent pathogens, as virulent pathogens that prevent hosts from completing a migration may in effect become stranded along the migratory route, unable to infect other individuals.
Monarch butterfl ies provide a fascinating model system for these ideas. A continent-wide analysis revealed that the prevalence of a protozoan parasite steadily increased throughout the monarchs' breeding season, peaking among adults with the longest residency in eastern North America [26] . This is consistent with the concept of migratory escape. In addition, parasite isolates from monarch populations that migrate long distances were found to be less virulent than isolates from short-distance migrants or non-migratory populations, suggesting that longer migration culls monarchs carrying virulent parasite genotypes [25] . Similar studies with other migratory animals are likely to be fruitful.
Conservation of migration
Although migration is a widespread phenomenon, many migrations around the world have disappeared or are in steep decline. For example, numbers of many migratory birds or overwintering monarch butterfl ies have decreased markedly, and the Atlantic salmon that once migrated in huge numbers to spawn in rivers along the east coast of the US have been largely eradicated. Factors contributing to the decline of migrants include climate change, overexploitation, barriers, habitat destruction and fatalities from unintended anthropogenic interactions, such as fi sheries bycatch or fatal collisions with wind turbines and vehicles [27, 28] . In many cases, pinpointing the exact cause of a population decline is challenging because multiple factors contribute, and because different threats affect different life history stages, sometimes at widely separated locations along lengthy migratory routes.
The ecological ramifi cations of dwindling migration have received relatively little attention but are likely to be signifi cant. Migrants transport
